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ABSTRACT 


A  20-W  average  power  laser  source  of  sodium  resonance  radiation  has  been 
developed  and  delivered  to  the  Air  Force  Phillips  Laboratory  to  generate  a  fluorescence 
spot  in  the  earth’s  mesospheric  sodium  layer  for  atmospheric  adaptive  optics  applications. 
The  sodium  resonance  radiation  was  generated  by  sum-frequency  mixing  1 .06-  and  1 32-[m\ 
Nd:YAG  laser  radiation  in  a  lithium  triborate  crystal.  The  pulsed  NdrYAG  lasers  operated 
with  a  repetition  rate  of  840  Hz  and  pulse  lengths  of  about  100  /is.  Sum  radiation  was 
resonant  with  the  sodium  D2  transition  and  generated  with  an  average  mixing  efficiency 
of  30%.  The  lasers  were  mode-locked  with  a  controlled  pulse  width  that  provided  a 
spectrally  broadened  output  that  was  matched  to  the  3-GHz  Doppler-broadened  absorp¬ 
tion  width  of  mesospheric  sodium. 
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1.  INTRODUCTION 


A  source  of  sodium  resonance  radiation  capable  of  generating  24  mJ  of  energy  per  100 -/is  pulse  at 
a  repetition  rate  of  840  Hz  has  been  developed  based  on  sum-frequency  mixing  of  Nd:YAG  laser  radia¬ 
tion.  The  sodium  resonance  radiation  is  generated  by  a  laser  system  that  is  composed  of  two  individual 
flashlamp-pumped  lasers,  one  operating  at  1 .06  fim  and  the  other  at  1 .32  /im.  The  peak  output  intensity 
of  these  lasers,  even  after  being  mode-locked,  is  relatively  low  (=0.6  MW/cm2)  and,  therefore,  efficient 
sum-frequency  generation  requires  significant  focusing  of  the  laser  radiation  into  the  nonlinear  crystal. 
Lithium  triborate  (LiB3Os)  was  found  to  be  the  only  nonlinear  crystal  capable  of  withstanding  the  very 
high  fluence  at  the  focus  and  at  the  same  time  efficiently  mixing  the  Nd:YAG  laser  radiation.  The  high 
average  pump  power  at  which  the  laser  system  is  operated  places  a  severe  thermal  load  on  the  Nd:YAG 
rods  and  results  in  strong,  thermally  induced  lensing  and  birefringence.  The  laser  oscillators,  and  to  a 
lesser  extent  the  amplifiers,  are  very  sensitive  to  changes  in  the  level  of  thermal  loading.  Small  variations 
in  this  thermal  loading,  resulting  from  aging  of  the  flashlamps  or  variation  in  the  drive  current,  result  in 
a  significant  change  in  the  output  power  and  beam  quality  of  the  laser  oscillators.  As  a  result  of  this 
sensitivity  it  is  difficult  to  maintain  the  maximum  level  of  sum  radiation  power.  It  appears  that  the  system 
reliably  generates  about  14  mJ  per  pulse,  while  generating  24  mJ  per  pulse  requires  significant  effort. 

The  manufacturer.  Continuum,  Inc.,  delivered  the  laser  system  shown  in  Figure  1  to  MIT  Lincoln 
Laboratory  in  October  1989,  after  an  unexpected  seven-month  delay  that  was  caused  by  a  difficulty  in 
meeting  the  original  specifications  and  a  military  priority  imposed  by  Lockheed  that  forced  Continuum 
to  temporarily  stop  work  on  the  system.  Because  the  laser  system  did  not  meet  the  original  specifications 
when  delivered  to  Lincoln,  much  unanticipated  work  was  required.  It  was  necessary  to  restrict  oscillation 
to  the  TEMqq  mode  without  reducing  output  power  and  to  obtain  as  much  gain  in  the  amplifiers  as 
possible  without  degrading  laser  beam  quality.  In  addition  to  installing  mode-lockers  and  intracavity 
doubling  crystals,  almost  all  the  original  hardware  was  replaced  to  allow  greater  stability  and  finer  control 
of  each  optical  element.  The  persistent  leakage  of  water  onto  the  Nd:YAG  optical  surfaces  severely 
delayed  the  development  of  the  laser  system  and  finally  required  Lincoln  to  develop  a  new  sleeve  to  hold 
the  Nd:YAG  rods  and  a  new  type  of  O-ring  to  seal  the  sleeve  to  the  pump  housing.  Several  mixing 
crystals  and  geometries  were  tested  before  deciding  to  use  noncritically  phase-matched  LiB305.  The  final 
laser  system  as  delivered  to  the  Air  Force  Phillips  Laboratory  in  March  1991  is  shown  in  Figures  2  and  3. 

This  laser  system  represents  the  current  state  of  the  art  for  the  production  of  a  high  repetition  rate, 
long  pulse  length  source  of  sodium  resonance  radiation  using  commercially  available  components. 
Moreover,  the  development  of  this  laser  system  has  provided  much  of  the  knowledge  required  to  design 
and  construct  a  higher  average  power  source  of  sodium  resonance  radiation  with  minimum  risk.  A  more 
compact  laser  system  with  long-term  alignment  stability  and  substantially  higher  output  power  can  be 
constructed  using  0.808-/tm  diode  laser  radiation  to  pump  a  Nd:YAG  zig-zag  slab  laser  system.  Diode  laser 
pumping  reduces  the  thermal  load  on  the  Nd:YAG  crystal,  while  the  zig-zag  slab  geometry  reduces  the 
adverse  effects  of  thermally  induced  birefringence  and  wavefront  distortion.  In  recent  years  the  cost  of  diode 
laser  arrays  has  fallen,  and  a  diode-pumped,  high  repetition  rate,  high  average  power,  high  beam  quality 
Nd:YAG  laser  system  costs  less  than  a  similar  flashlamp-pumped  laser  system. 
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Figure  I.  Initial  hardware  delivered  to  MIT  Lincoln  Laboratory  from  Continuum,  Inc.,  for  the  construction  of  the 
840-Hz  laser  system.  Most  of  the  optical  mounts  shown  in  this  photograph  had  to  be  replaced  by  higher  quality 
mounts. 


2 


172665-1 


Figure  2.  The  840-Hz  laser  system  as  delivered  to  the  Air  Force  Phillips  Laboratory  in  March  1991.  Oscillators  are 
in  the  foreground.  The  1.32-  and  1 .06- pm  oscillators  are  in  the  extreme  left  and  central  left,  respectively.  The  light 
generated  by  the  intracavity  nonlinear  crystal  can  be  seen  in  the  lower  left.  The  amplifiers  are  in  the  background.  The 
sodium  resonance  radiation  generated  in  the  LiB f05  crystal  is  evident  in  the  right  part  of  the  photograph. 
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Figure  3.  The  840-Hz  laser  system  as  viewed  from  the  amplifier  end  of  the  laser  bench.  The  1.32-  and  /  .06 -pm 
amplifiers  are  in  the  right  and  left  foregrounds,  respectively.  The  LiB}0 ,  nonlinear  crystal  is  in  the  upper  central 
background. 


4 


2.  LASER  OSCILLATORS 


A  schematic  of  the  laser  system  is  shown  in  Figure  4.  The  laser  oscillators  are  operated  in  the  stable 
regime  and  in  the  TEM^  mode  to  obtain  optimum  beam  quality  for  efficient  sum-frequency  mixing.  Each 
oscillator,  to  first  order,  may  be  considered  rs  a  simple  cavity  with  two  thick  lenses  placed  symmetrically 
between  two  plane  parallel  mirrors.  The  lenses  are  produced  by  the  concave  surfaces  of  the  4-mm 
diameter,  133-mm-long  Nd:YAG  rods  (which  the  Laboratory  is  capable  of  polishing  and  coating)  and  the 
quadratic  index  profile  that  is  generated  in  the  rods  by  the  thermal  load  of  the  absorbed  flashlamp  energy. 
The  diameter  of  the  TEM^  mode  depends  on  the  effective  focal  length  of  these  lenses,  which  in  tum  is 
inversely  proportional  to  the  energy  absorbed  in  the  rods  [1],  The  mode  diameter,  halfway  between  the 
ends  of  either  Nd:YAG  rod  and  as  a  function  of  the  quadratic  index  parameter  (&),  is  shown  in  Figure  5. 
The  quadratic  index  parameter  is  proportional  to  the  square  root  of  the  energy  absorbed  in  the  rods  and 
is  defined  in  the  equation  describing  the  variation  of  the  index  of  refraction  ( n(r ))  with  the  radial  distance 
(r)  from  the  center  of  the  rod:  n(r)  =  nQ(  1  -l p-r2/!).  The  plane  parallel  mirror  cavity  ha.,  two  stable  re¬ 
gions,  1  and  2  (Figure  5).  The  mode  diameter  as  a  function  of  position  in  the  cavity  for  each  region  is 
shown  in  Figure  6.  Region  1  corresponds  to  the  upper  curve  in  Figure  6,  while  region  2  corresponds  to  the 
lower  curve  and  exhibits  a  sharp  focus  between  the  two  Nd:YAG  rods.  The  laser,  as  delivered  to  the  Phillips 
Laboratory,  operated  in  region  1  with  lamp  powers  of  about  6  kW.  The  flashlamps  are  not  rated  for  the  powers 
needed  to  operate  the  cavity  in  region  2.  (Continuum  recommended  a  maximum  operating  lamp  power  of 
6.3  kW.)  The  greatest  laser  power  should  be  obtained  by  operating  the  cavity  with  the  greatest  mode  diameter, 
however,  as  the  mode  diameter  is  increased,  it  and  the  laser  power  become  very  sensitive  to  the  pump  power. 
Region  I  extends  only  over  a  ±  7%  range  of  pump  power,  and  1  %  changes  in  the  pump  power  can  have 
substantial  effects  on  the  laser  power.  The  final  1.06-  and  1.32-jum  laser  oscillator  cavities  represent  a 
compromise  between  obtaining  high  output  power  and  reasonable  laser  stability. 

The  performance  of  the  laser  oscillators  and  amplifiers  is  strongly  influenced  by  the  thermally  induced 
birefringence  in  the  Nd:YAG  rods  [2],  Thermally  induced  birefringence,  if  not  compensated,  depolarizes  the 
output  of  the  laser  and  consequently  lowers  the  sum-frequency  mixing  efficiency.  The  induced  birefringence 
is  nonuniform  over  the  cross  section  of  the  Nd:YAG  rod,  varying  radially  from  zero  at  its  thermal  center  to 
a  maximum  at  its  edge.  This  birefringence  results  in  variable  depolarization  of  the  transmitted  laser  radiation 
over  the  laser  beam  cross  section.  In  the  oscillators  this  depolarization  combines  with  the  intracavity  polarizers, 
resulting  in  substantial  loss  of  laser  power  and  restricts  the  laser  mode  inside  the  rods  to  smaller  radii  than 
predicted  in  Figures  5  and  6.  In  the  amplifiers  depolarization  also  results  in  loss  of  laser  power  at  the  extracavity 
polarizers  and  degradation  in  the  transverse  beam  quality. 

The  effects  of  birefringence  are  minimized  by  first  aligning  the  laser  so  that  its  beam  travels  through 
the  thermal  center  of  the  laser  rods,  experiencing  the  least  birefringence  and  operating  the  laser  rods  as 
matched  pairs  with  a  90°  polarization  rotator  between  them  for  birefringence  compensation  [3,4],  The 
thermal  center  of  the  oscillator  rods  is  found  by  adjusting  the  direction  of  propagation  of  a  polarized 
HeNe  laser  beam  that  is  transmitted  through  the  rods  while  they  are  being  pumped  at  full  operating  power 
until  the  intensity  profile  of  the  HeNe  beam  (after  a  crossed  polarizer)  is  that  of  a  symmetric  cross.  The 
intracavity  aperture  that  restricted  the  laser  to  TEMqq  operation  is  then  centered  on  the  HeNe  beam,  and 
the  laser  cavity  is  adjusted  to  optimize  the  laser  output  power  without  translating  this  aperture. 
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Figure  4.  Schematic  of  the  1.06-  and  1 32-pm,  840-Hz  Nd.YAG  laser  system  for  sum-frequency  mixing  in  lithium 
trihorate  (LiB}05).  Each  ~l  ,5-m-long  oscillator  consists  of  a  =  50%  output  coupler,  two  flashlamp-pumped  Nd.YAG 
rods,  a  90°  polarization  rotator  between  the  rods  for  birefringence  compensation,  a  dielectric  polarizer  (J  .06  pm) 
or  Brewster  plate  (132  pm)  for  laser  polarization,  a  1/4  waveplate  on  either  side  of  the  laser  rods,  a  nonlinear 
crystal  for  spike  suppression  (l-cm-long  antireflection-coated  LU03  crystal  for  the  1 32-pm  laser  and  a  03-cm-long 
antireflection-coated  KTP  crystal  for  the  1.06-pm  laser),  an  acousto-optic  mode  locker,  a  solid  etalon  for  wave¬ 
length  tuning,  and  a  100%  reflector  (flat  for  the  1.06-pm  laser,  a  -2-m  radius  of  curvature  for  the  1 32-pm  laser). 
An  intracavity  aperture  restricted  laser  oscillation  to  the  TEMqq  cavity  mode  for  both  Nd.  YAG  lasers.  The  1 32- 
pm  laser  cavity  contained  a  dichroic  mirror  (transmission  at  1 32  pm  and  reflection  at  1.06  pm)  for  the  suppression 
of  1 .06 -pm  parasitic  laser  oscillation.  A  single-frequency  source  drove  both  acousto-optic  mode  lockers,  which 
phase-locked  the  micropulses  for  both  laser  oscillators.  The  relative  phase  of  the  mode-locker  drive  signals  was 
adjusted  to  ensure  that  the  micropulses  from  the  1.06-pm  and  the  1 32-pm  lasers  arrived  in  the  sum-frequency 
mixing  crystal  at  the  same  time.  The  output  of  each  oscillator  was  passed  through  an  amplifier  and  a  telescope  to 
match  the  beam  sizes  in  the  LiB3Oy  The  1.06-  and  the  1 32-pm  radiation  were  combined  onto  a  common  beam  path 
by  a  d>  "hroic  mirror.  A  spherical  tens  with  a  focal  length  of  15  cm  focused  the  laser  radiation  into  the  LiB}Oy 


6 


192723-2 


QUADRATIC  INDEX  PARAMETER  -  k  (cm1) 

n(r )  =  n0(  1-  kz  t2! 2) 


Figure  5.  Calculated  He2  TEMm  mode  diameter  in  the  1 32-pm  oscillator  as  a  function  of  the  Nd:YAG  rod  qua¬ 
dratic  index  parameter  (k,  in  units  of  cm'1).  The  mode  diameter  is  taken  halfway  between  the  ends  of  the  Nd.YAG 
rod.  For  the  purpose  of  this  calculation  the  I33-cm  rods  are  placed  symmetrically  in  the  cavity  with  their  faci  g 
ends  20  cm  apart  and  the  other  ends  41  cm  from  the  flat  cavity  mirrors.  Because  the  cavity  is  symmetric,  the  mode 
diameter  is  the  same  in  both  rods. 


Typical  long  pulse  operation  of  a  Nd:YAG  laser  results  in  pronounced  laser  spiking  or  relaxation 
oscillations  throughout  the  duration  of  the  laser  pulse.  Laser  spiking  is  caused  by  the  development  of  laser 
gain  that  is  greater  than  the  steady  state  or  threshold  gain.  The  absence  of  appreciable  stimulated  emission 
at  the  start  of  laser  pumping  allows  laser  gain  to  rise  substantially  beyond  threshold  gain.  This  high  initial 
gain  leads  to  a  rapid  buildup  in  the  laser  radiation  intensity,  which  then  depletes  the  gain  and  after  a  short 
delay  results  in  a  greatly  reduced  radiation  intensity.  This  low  intensity  and  continued  laser  pumping  allow 
the  redevelopment  of  high  laser  gain  and  another  intensity  buildup.  The  cycle  of  low  intensity/high  gain 
followed  by  high  intensity/low  gain  continues  through  the  rest  of  the  laser  pulse  with  a  damping  rate 
dependent  on  the  laser  pumping  rate  and  the  laser  cavity  losses.  In  addition  to  the  initial  spiking,  laser  spiking 
behavior  can  be  reexcited  during  the  pulse  by  various  cavity  perturbations,  such  as  acoustic  noise. 

Laser  spiking  can  be  suppressed  by  an  intracavity  nonlinear  crystal,  which  converts  high  intensity  laser 
spikes  into  second  harmonic  radiation  [5].  Because  the  peak  intensities  of  the  initial  laser  spikes  are  substantially 
reduced  through  second  harmonic  generation,  they  do  not  drive  the  laser  gain  as  far  below  threshold.  Thus 
the  laser  spiking  behavior  damps  out  at  a  much  higher  rate  than  in  the  absence  of  intracavity  doubling,  and 
the  redevelopment  of  spiking  is  suppressed.  The  rate  of  damping  can  be  increased  by  raising  the  second 
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POSITION  IN  CAVITY  (cm) 


Figure  6.  Calculated  lie2  TEMm  mode  diameter  in  the  132-pm  oscillator  as  a  function  of  position  in  the  cavity. 
(The  end  mirrors  are  at  0  and  129  cm.)  The  upper  and  lower  curves  correspond  to  operation  of  the  oscillator  with 
a  quadratic  index  parameter  in  the  center  of  regions  1  (k-  0.055  cm  '1)  and  2  (k  -  0.0785  cm  '1),  respectively  (see 
Figure  5 ).  For  the  purpose  of  this  calculation  the  133-cm  rods  are  placed  symmetrically  in  the  cavity  with  their 
facing  ends  20  cm  apart  and  the  other  ends  41  cm  from  the  flat  cavity  mirrors. 


harmonic  conversion  efficiency:  increase  the  intracavity  radiation  fluence  through  decreased  output  coupling, 
use  a  nonlinear  crystal  with  a  high  nonlinear  coefficient,  and  position  it  at  an  intracavity  beam  waist.  Mode- 
locking  also  increases  second  harmonic  generation.  When  mode-locked  the  peak  power  of  the  laser  radiation 
increases,  and  second  harmonic  radiation  is  generated  with  greater  efficiency. 

It  is  important  to  eliminate  the  independent  spiking  behavior  of  the  1 .06-  and  1 32-ftm  lasers  to  obtain 
good  temporal  overlap  of  the  laser  pulses  for  efficient  sum-frequency  mixing;  therefore,  both  the  1.06-  and 
1  .32-/oti  laser  cavities  contain  a  nonlinear  crystal  to  suppress  laser  spiking  through  second  harmonic  generation. 
The  1 ,06-ftm  oscillator  contains  a  KTP  crystal;  because  of  its  relatively  large  phase-matching  angular  acceptance, 
careful  alignment  of  the  crystal  is  not  required.  Unfortunately  the  KTP  crystal  absorbs  enough  1 .06-  and  0.532- 
/tm  radiation  to  heat  up  during  laser  operation.  This  heating  results  in  birefringence  changes  that  must  be 
compensated  by  an  intracavity  1/4  waveplate  to  avoid  a  substantial  reduction  in  laser  power.  The  1.32-/im  laser 
cavity  contains  an  LiI03  crystal  because  the  KTP  crystal,  which  was  ordered  for  this  purpose,  was  not 
properly  cut  for  second  harmonic  generation  of  1.32-/tm  radiation.  Because  LiI03  has  a  narrow  phase¬ 
matching  angular  acceptance,  careful  alignment  is  required;  however,  this  crystal  is  not  substantially  heated 
by  laser  radiation,  and  no  adjustment  of  the  intracavity  1/4  waveplate  is  required  during  laser  operation. 
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Improved  stability  of  both  laser  oscillators  can  probably  be  achieved  by  replacing  the  current  intracavity 
crystals  with  angle-tuned  and  temperature-stabilized  LiB3Os  crystals. 

Typical  temporal  profiles  of  the  1.06-  and  1.32-/im  macropulses  are  shown  in  Figure  7.  Each 
macropulse  consists  of  a  train  of  mode-locked  micropulses  spaced  at  10-ns  intervals.  The  1 .06-/im 
macropulse  has  an  FWHM  duration  of  ==100 /is,  while  the  1.32-/zm  macropulse  has  an  FWHM  duration 
of  =65  /is.  The  relaxation  oscillations  are  not  completely  damped  in  either  laser  oscillator  because  com¬ 
plete  damping  causes  the  micropulses  to  have  greater  pulse  widths  and  less  peak  intensity,  which  results 
in  reduced  efficiency  for  sum-frequency  mixing. 


0  40  80  120  160  200 
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Figure  7.  Macropulse  temporal  profiles  for  the  1.06-  and  1 32 -pm  laser  pulses  and  the  0589-pm  sum  radiation. 
The  detectors  used  in  these  measurements  were  not  fast  enough  to  sense  the  100-MHz  mode-locked  pulse  train 
within  each  macropulse. 
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Micropulses  are  generated  by  mode-locking  the  laser  oscillators  to  achieve  higher  peak  powers  for 
efficient  sum-frequency  mixing.  An  acoustically  resonant  quartz  crystal,  which  is  piezoelectrically  driven 
by  an  RF  source  at  =50  MHz  with  about  3  W  of  power,  is  inserted  into  each  oscillator  for  mode  locking. 
By  carefully  adjusting  the  cavity  lengths  and  longitudinal  mode  spacings,  the  lasers  can  be  mode-locked 
at  a  micropulse  repetition  rate  of  =100  MHz.  The  mode-locked  micropulse  duration  can  be  shortened  by 
increasing  the  RF  power  to  the  quartz  crystal  by  moving  the  crystal  further  from  the  output  mirror 
(shortening  the  temporal  window  in  which  a  micropulse  must  travel  through  the  crystal,  to  the  mirror, 
and  back  through  the  crystal  without  experiencing  substantial  loss)  and  by  transversely  translating  the 
crystal.  But  short  laser  micropulses  can  only  be  obtained  at  the  expense  of  laser  power.  The  theoretical 
limit  to  the  micropulse  duration  is  controlled  by  the  available  gain  bandwidth;  he  .vever,  a  practical  limit 
is  imposed  by  the  variation  in  the  laser  cavity  length  during  a  macropulse.  The  optical  length  of  the  laser 
cavity  varies  during  the  laser  pulse  because  of  thermal  and  excited-state-population  transients  that  pro¬ 
duce  index-of-refraction  transients  in  the  Nd:YAG  laser  rods,  resulting  in  a  timing  variation  of  good 
mode-locking  during  the  laser  macropulse  for  very  short  micropulses.  By  adjusting  the  laser  cavity  length, 
the  timing  of  good  mode-locking  can  be  moved  about  in  the  macropulse.  The  shortest  duration  micropulses 
for  which  good  mode-locking  can  be  maintained  over  the  full  macropulse  is  about  300  ps. 

The  1.06-  and  1.32-/im  laser  mode-lockers  are  driven  by  a  common  frequency  source  to  ensure 
phase-locked  emission  of  the  micropulses.  By  adjusting  the  relative  phase  of  the  drive  signal  to  each 
mode-locker,  the  timing  of  the  1 .06-  and  1 .32-/tm  micropulses  can  be  adjusted  for  optimal  temporal  overlap 
in  the  sum-frequency  mixing  crystal.  Typical  temporal  profiles  of  the  laser  micropulses  are  shown  in 
Figure  8.  The  1.06-/im  micropulse  has  an  FWHM  duration  of  =350  ps,  while  the  1.32-/im  micropulse  has 
an  FWHM  duration  of  =500  ps. 

Each  oscillator  contains  a  single,  angle-tuned,  solid  etalon  for  wavelength  control.  The  wavelength 
of  the  1 .32-jim  laser  is  tuned  for  maximum  1 .32-/im  power.  The  1 .06-/im  laser  is  then  tuned  so  that  the 
wavelength  of  the  sum  radiation  is  coincident  with  the  sodium  D2  transition  (0.5889973-jtm  air  wave¬ 
length).  The  1.32-/im  laser  is  polarized  by  an  intracavity  Brewster  plate,  while  the  much  higher  small 
signal  gain  at  1.06  fim  requires  that  this  laser  be  polarized  by  an  intracavity  dielectric  polarizer.  The  1/4 
waveplates  on  either  side  of  the  Nd:YAG  rods  in  both  oscillators  allow  compensation  for  the  natural 
birefringence  in  the  intracavity  nonlinear  crystal  and  the  stress-induced  birefringence  in  the  mode-locker. 
The  1.32-/tm  oscillator  also  contains  a  dichroic  mirror,  having  high  reflectivity  at  1.06  n m  and  high 
transmission  at  1.32  fan  to  prohibit  lasing  at  1.06  fim  (the  1.06-//m  stimulated  emission  cross  section  is 
~5  times  greater  than  at  1.32/im).  The  1.06-  and  1.32-/im  laser  oscillators  have  60%  and  40%  output 
couplers  with  average  polarized  output  powers  of  -20  and  - 1 2  W,  respectively.  Typical  transverse  beam 
profiles  of  the  1.06-  and  1.32-//m  laser  oscillators  are  shown  in  Figures  9  and  10. 
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Figure  8.  Micropulse  temporal  profiles  for  the  1.06-  and  1 32-pm  lasers  and  the  0.589-pm  sum  radiation.  Note  that 
the  1.06-  and  1.32-pm  100-MHz  mode-locked  micropulses  are  not  of  equal  width.  More  efficient  sum-frequency 
generation  can  be  achieved  by  making  the  micropulses  of  equal  duration. 
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Figure  9.  Spatial  far-field  transverse  profile  of  the  1 ,06-pm  laser  oscillator  beam. 
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Figure  JO.  Spatial  far-field  transverse  profile  of  the  1 32-pm  laser  oscillator  beam. 
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3.  LASER  AMPLIFIERS 


Because  the  laser  oscillators  do  not  provide  enough  power  for  the  sum-frequency  generation  of  20  W 
of  sodium  resonance  radiation,  it  is  necessary  to  pass  the  output  of  each  oscillator  through  a  pair  of 
matched  amplifiers  that  are  configured  so  that  the  laser  oscillator  beam  travels  along  the  thermal  center 
of  the  Nd:YAG  amplifier  rods.  A  90°  polarization  rotator  is  placed  between  each  Nd:YAG  rod  for 
birefringence  compensation.  The  laser  beam  is  aligned  in  the  thermal  center  of  the  rods  in  the  same  way 
as  the  oscillator  rods  are  aligned  except  that  either  1.06-  or  1.32-/im  rather  than  HeNe  laser  radiation  is 
used  to  view  the  isogyre  pattern.  This  alignment  is  critical  to  obtain  a  well-polarized  beam  from  the 
amplifiers  with  good  transverse  beam  quality. 

The  1.32-/tm  amplifiers  are  pumped  at  power  levels  similar  to  the  oscillators  and  contain  Nd:YAG 
rods  identical  to  those  of  the  oscillator.  These  amplifiers  are  optimized  by  placing  them  at  a  distance  from 
the  oscillator  output  coupler  equal  to  the  distance  between  the  oscillator  Nd:YAG  rods  and  the  output 
coupler.  This  geometry  assures  that  the  transverse  laser  beam  characteristics  are  nearly  the  same  in  the 
amplifier  as  in  the  oscillator  and  that  the  laser  beam  travels  through  the  second  NdrYAG  amplifier  rod 
symmetrically  to  the  way  that  it  travels  through  the  first  amplifier  rod,  resulting  in  optimum  birefringence 
compensation. 

The  14-mJ  output  of  the  1.32-/im  oscillator  is  passed  through  the  amplifiers  in  a  cross-sectional  area 
of  0.013  cm2;  thus  the  fluence  entering  the  amplifiers  is  1.1  J/cm2,  which  is  below  the  saturation  fluence 
of  3.4  J/cm2.  At  the  output  of  the  amplifier  the  1.32-/im  beam  has  increased  in  intensity  by  a  factor  of 
1.8  with  a  fluence  of  2  J/cm2.  Because  the  amplifiers  are  operated  at  or  below  the  saturation  fluence, 
energy  extraction  from  the  amplifiers  is  not  efficient. 

Several  attempts  were  made  to  double-pass  the  amplifiers  to  increase  the  energy  extraction  effi¬ 
ciency  at  1.32-jum  (see  Figure  1 1);  however,  the  strong  birefringence  of  the  amplifier  rods  caused  enough 
laser  beam  depolarization  after  double-passing  the  amplifiers  so  that  some  of  the  laser  energy  passed  back 
through  the  polarizer  between  the  oscillator  and  the  amplifier  and  caused  unacceptable  spectral  and  mode¬ 
locking  instabilities.  By  placing  a  low-loss  optical  isolator  between  the  oscillator  and  the  amplifier,  it 
should  be  possible  to  double-pass  the  amplifiers  and  obtain  much  better  energy  extraction.  It  currently 
appears  that  terbium  gallium  garnet  would  provide  the  best  Faraday  rotation  material  for  a  1.32-/im  optical 
isolator.  The  absorption  coefficient  of  this  material  was  measured  to  be  1.7  x  10'4  cm'1  at  1.32  /im. 

The  1 ,32-fim  amplifier  output  energy  is  25  mJ  per  pulse.  By  carefully  aligning  the  beam  through  the 
amplifiers,  most  of  this  energy  is  transmitted  through  a  final  polarizer  with  good  beam  quality.  Figure  12 
shows  the  transverse  beam  profile  of  the  1.32-/tm  laser  beam  after  passing  though  the  amplifiers  and  the 
polarizer.  Without  carefully  aligning  the  1.32-/im  laser  beam  with  the  thermal  center  of  the  amplifier  rods, 
the  transverse  profile  and  the  sum-frequency  mixing  efficiency  of  this  beam  are  severely  degraded. 

The  1.06-/tm  oscillator  produces  24  mJ  per  pulse  with  a  beam  diameter  of  0.85  mm.  The  amplifiers 
are  positioned  as  far  as  possible  from  the  oscillator  output  coupler  to  allow  the  1 ,06-/tm  beam  to  expand 
and  better  fill  the  amplifiers.  The  1 ,06-/tm  amplifier  rods  are  6  mm  in  diameter  and  133  mm  in  length. 
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Figure  II.  Double-pass  amplifier  schematic.  Depolarization  of  the  laser  beam  resulted  in  some  l  ,32-pm  radiation 
passing  through  the  polarizer  and  into  the  oscillator.  This  radiation  caused  the  oscillator  to  operate  very  unstably. 
As  a  result,  the  double-pass  geometry  was  not  used  in  the  final  laser  system  sent  to  the  Air  Force  Phillips 
Laboratory. 
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Figure  12.  Spatial  far-field  transverse  profile  of  the  1 32-pm  laser  beam  after  passing  through  the  1 .32 -pm  amplifier. 
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The  beam  cross-sectional  area  in  the  amplifiers  is  about  5  x  1 0‘2  cm2,  resulting  in  a  fluence  of  about 
0.48  J/cm2,  which  is  slightly  less  than  the  saturation  fluence  of  0.67  J/cm2.  At  the  output  of  the  amplifier 
the  1.06-|im  beam  power  has  increased  by  a  factor  of  2.3  and  has  a  fluence  of  1.1  J/cm2.  Figure  13  shows 
the  isogyre  pattern  of  the  1 .06-^m  beam  after  passing  through  the  amplifier  and  a  crossed  polarizer. 


Figure  13.  Spatial  transverse  profile  of  the  1.06-pm  laser  beam  after  passing  through  the  1 ,06-pm  amplifier  and 
a  crossed  polarizer.  This  represents  a  good  isogyre  profile. 
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4.  SUM-FREQUENCY  GENERATION  OF  SODIUM  RESONANCE 

RADIATION 


The  utility  of  a  nonlinear  crystal  for  efficient  sum-frequency  mixing  is  determined  not  only  by  the 
nonlinear  coefficients  of  the  crystal  but  often,  more  importantly,  by  the  phase  matching  and  optical 
damage  characteristics  of  the  crystal.  Severe  constraints  are  placed  on  the  nonlinear  crystal  during  effi¬ 
cient  mixing  of  low  peak  power  radiation,  which  must  be  tightly  focused  into  the  crystal  to  achieve  high 
peak  intensities;  the  angular  content  of  the  focused  radiation  must  be  kept  less  than  the  phase-matching 
angular  acceptance  of  the  crystal.  The  relatively  narrow  angular  acceptance  of  crystals  such  as  KH2P04, 
LiI03,  and  KNb03,  limits  the  degree  of  focusing  that  can  profitably  be  applied  to  the  pump  radiation. 

If,  in  addition,  the  radiation  is  cw  or  is  pulsed  with  a  high  duty  cycle,  then  tight  focusing  results  in 
a  high  average  intensity  at  the  focus,  which  can  produce  substantial  local  heating  of  the  crystal  if  there 
is  absorption  of  even  a  small  fraction  of  either  the  incident  or  the  sum-frequency  radiation.  Heating  the 
crystal  results  in  a  local  temperature  gradient,  which  can  adversely  affect  the  sum-frequency  mixing 
efficiency  if  the  gradient  exceeds  the  phase-matching  temperature  acceptance  of  the  crystal  or  if  the 
gradient  results  in  mechanical  stress  to  the  crystal;  such  stress  can  affect  the  phase-matching  process  or 
result  in  physical  damage  to  the  crystal.  High  average  intensities  can  result  in  photorefractive  damage  to 
the  crystal.  In  particular  the  small  temperature  acceptance,  relatively  high  optical  absorption  coefficients, 
and  high  susceptibility  to  photorefractive  damage  of  crystals  such  as  LiNbOj  and  KNb03,  severely  limit 
their  utility  in  high  average  intensity  applications.  Table  1  lists  the  phase  matching  characteristics  for 
frequency  summing  of  1.06-  and  1.32-/im  radiation  in  several  nonlinear  crystals  [6-9]. 

Because  the  840-Hz  laser  system  generates  relatively  low  peak  intensity,  radiation  must  be  tightly 
focused  into  the  nonlinear  crystal  to  achieve  peak  intensities  consistent  with  efficient  mixing.  Tight 
focusing  results  in  a  relatively  large  range  of  angles  in  which  radiation  propagates.  The  first  three  crystals 
listed  in  Table  1  (LiI03,  p-BaB204,  and  KNb03)  have  very  small  phase-matching  angular  acceptance  and 
cannot  be  used  with  the  840-Hz  laser  system. 

LiNb03,  KTP,  and  LiB305  each  have  relatively  large  angular  acceptances;  especially  LiNb03  and 
LiB3Os,  which  can  be  noncritically  phase  matched.  While  LiNb03  has  the  largest  figure  of  merit  of  these 
three  crystals,  it  has  the  lowest  physical  damage  threshold  and  is  subject  to  photorefractive  damage  [10] 
below  the  annealing  temperature  of  200°C.  Noncritical  phase  matching  of  1.06-,  1.32-,  and  0.589-pm 
radiation  in  LiNb03  occurs  at  225°C.  Because  the  phase-matching  temperature  acceptance  is  very  low, 
LiNb03  must  be  housed  in  a  temperature-controlled  oven.  At  high  average  powers  temperature  gradients 
across  the  crystal  cross  section,  caused  by  absorption  of  the  fundamental  and  sum  radiation,  can  substan¬ 
tially  limit  the  maximum  possible  sum-frequency  mixing  efficiency.  Previous  mixing  in  noncritically 
phase-matched  LiNbOj  resulted  in  the  generation  of  300  mW  of  average  power  sodium  resonance  radia¬ 
tion  without  any  evidence  of  photorefractive  damage  [11];  however,  when  LiNb03  was  used  to  mix  the 
1.06-  and  1.32-/xm  radiation  from  the  840-Hz  laser  system,  severe  photorefractive  effects  limited  the 
amount  of  sum  radiation  that  could  be  generated  (with  good  beam  quality)  to  less  than  1  W.  As  much 
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as  5-W  sum  radiation  was  ultimately  generated  in  LiNb03;  however,  its  beam  quality  was  very  poor. 
Photorefractive  damage  was  observed  at  225°C,  which  is,  to  the  writers’  knowledge,  the  highest  crystal 
temperature  at  which  such  damage  has  been  observed  in  LiNb03. 


TABLE  1 

Phase-Matching  Characteristics 


Material 

Type  of 
Phase 
Matching 

(pm/V) 

Figure  of 
Merit 
(pm/V)2 

Walkoff 

Angle 

(deg) 

FWHM  Acceptance 

Angular 
(mrad  —  cm) 

Spectralv 
(A  —  cm) 

Thermal 
fC  —  cm) 

Lil03 

1 

1.9<a1) 

0.54 

0.4 

5.2 

(Large) 

P-BaB204 

1 

2.1  <a1) 

1 

0.6 

58 

55 

KNb03<c> 

1 

13.9(a2) 

17.7 

0.4 

1.2 

0.3 

KD*P 

ll<b> 

0.4<a1> 

0.004 

1.5 

2 

55 

7 

KD*P 

|||(b) 

0.3<a1> 

0.0025 

1.1 

3.3 

KTP<d> 

II 

2.9<a1> 

1.5 

1.5 

5.6 

25 

KTP<d> 

III 

3.2<a1> 

1.8 

3.2 

LiNb03<e> 

1 

59(33) 

3.2 

40 

0.35(0) 

UB305(f) 

1 

1 .24(a4> 

0.38 

0 

50 

6<o) 

V1 ,06-jjm  SHG  values  (for  reference  only). 

(al-4)  Based  on  nonlinear  coefficient  values  given  in  References  [6-9],  respectively. 

(b)  Type  II  —  1.32-  and  0.589-pm  polarizations  parallel;  Type  III  —  1.06-  and  0.589-pm 
polarizations  parallel. 

(c)  Beams  directed  in  be  plane. 

(d)  Beams  directed  in  xz  plane. 

(e)  Noncritical  temperature  phase  matched;  T  =  227  ’C,  0  ■  90‘. 

(f)  Noncritical  temperature  phase  matched;  T  =  41  'C,  0  =  90‘,  $  =  O’. 

(g)  Sum  generation  values. 


It  was  previously  shown  that  adverse  thermal  and  photorefractive  effects  in  harmonic  generation  in 
KNb03  could  be  dramatically  reduced  by  using  a  revolving  beam  geometry  that  distributes  the  thermal  and 
photorefractive  load  over  a  large  crystal  volume  [12].  Figure  14  is  a  schematic  of  the  revolving  beam  geometry 
for  harmonic  generation  (or  sum-frequency  mixing).  Input  radiation  passes  through  a  polarizer  and  then 
reflects  off  a  mirror  that  is  spinning  about  an  axis  slightly  off  normal  to  the  mirror  surface.  After  being 
reflected  from  the  mirror  the  radiation  travels  along  a  path  on  the  surface  of  a  cone  until  it  is  refracted  by 
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a  lens  that  is  placed  one  focal  length  from  the  spinning  mirror.  The  radiation  then  travels  along  the  surface 
of  a  cylinder  and  passes  through  the  nonlinear  crystal.  The  harmonic  (sum-frequency)  radiation  generated  in 
the  crystal  is  reflected  by  a  dichroic  mirror  back  through  the  crystal  and  lens  to  the  spinning  mirror.  After 
reflection  from  the  spinning  mirror  the  beam  of  harmonic  (sum-frequency)  radiation  is  stationary.  This 
radiation  travels  backward  along  the  direction  of  the  incoming  fundamental  radiation.  Because  the  harmonic 
(sum-frequency)  radiation  is  polarized  at  right  angles  to  the  fundamental  radiation  it  is  rejected  by  the 
polarizer.  A  photograph  of  second  harmonic  generation  in  KNbOj  with  a  revolving  beam  geometry  is  shown 
in  Figure  15.  An  image  of  the  harmonic  radiation  at  the  nonlinear  crystal  is  shown  in  Figure  16.  Because  the 
fundamental  radiation  was  pulsed  at  5.18  kHz  while  the  mirror  was  spun  at  140  Hz,  37  different  crystal 
positions  produced  harmonic  radiation.  The  improvement  in  second  harmonic  beam  quality  resulting  from 
revolving  the  fundamental  beam  in  the  nonlinear  crystal  is  shown  in  Figure  17;  the  transverse  beam  profiles 
were  taken  after  the  harmonic  radiation  had  been  rejected  by  the  polarizer. 

In  an  attempt  to  substantially  reduce  the  photorefractive  damage  in  LiNb03  caused  by  the  high  average 
power  of  the  840-Hz  laser  system,  a  revolving  beam  sum-frequency  mixing  geometry  was  constructed. 
Figure  1 8  shows  the  1  -cm  diameter  x  5-cm-long  LiNb03  crystal  and  its  oven.  Unfortunately  at  high  average 
input  power  this  crystal  was  damaged  (see  Figure  19),  illustrating  a  disadvantage  of  the  revolving  beam 
geometry.  By  using  a  larger  volume  and  surface  area  of  the  nonlinear  crystal,  its  damage  threshold  is  reduced 
to  that  of  the  weakest  part  of  the  crystal.  If  the  rotation  rate  of  the  mirror  is  not  a  subharmonic  of  the  laser 
repetition  rate,  then  a  single  point  of  damage  will  propagate  around  the  circle  that  the  input  radiation  describes. 


DICHROIC  NONLINEAR 

MIRROR  CRYSTAL  LENS 


Figure  14.  Schematic  of  revolving  beam  geometry  for  either  second  harmonic  generation  or  sum-frequency  mixing. 
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Figure  15.  Photograph  of  KNhO}  crystal  in  which  the  revolving  beam  geometry  has  been  used  for  second  harmonic 
generation  of  0.532 -pm  radiation. 
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Figure  16.  Photograph  of  the  image  of  the  KNh03  crystal  in  which  the  revolving-beam  geometry  has  been  used. 
The  37  discrete  spots  are  a  result  of  the  fact  that  the  laser  repetition  rate  was  37  times  the  rotation  rate  of  the 
spinning  mirror. 
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Figure  19.  Photograph  of  the  damage  sustained  by  the  LiNbOj  crystal  when  used  in  the  revolving  beam  geometry. 


The  arc  of  surface  damage  shown  in  Figure  19  was  caused  by  the  propagation  of  an  initially  small  point  of 
damage.  This  disadvantage  of  the  revolving  beam  geometry  can  be  overcome  by  forcing  the  mirror  rotation 
rate  to  be  a  subharmonic  of  the  laser  repetition  rate  and  by  dividing  the  nonlinear  crystal  into  several  crystals; 
damage  to  one  will  not  propagate  to  those  adjacent. 

KTP  is  much  less  susceptible  to  both  photorefractive  and  physical  damage  than  LiNbOj.  By  using 
a  1.5-cm-long  KTP  crystal,  as  much  as  3-W  sum  radiation  has  been  generated  with  the  840-Hz  laser 
system;  however,  at  this  power  level  there  was  evidence  of  degradation  of  the  sum  radiation  beam  quality. 
This  degradation  is  believed  to  have  resulted  from  absorption  of  radiation  in  the  KTP  crystal,  causing 
thermally  induced  distortions  in  the  laser  beam. 

LiB305  has  recently  become  commercially  available.  This  nonlinear  material  has  several  advantages 
for  efficient  mixing  of  low  peak  power,  high  duty  cycle  Nd:YAG  laser  radiation.  By  temperature  tuning 
the  crystal  may  be  noncritically  phase  matched  and,  therefore,  has  a  very  large  phase  matching  angular 
acceptance;  however,  contrary  to  other  temperature  tunable  crystals,  LiB3Os  retains  a  relatively  large  phase¬ 
matching  temperature  acceptance  [13].  The  relative  mixing  efficiency  of  LiB305  as  a  function  of  tem¬ 
perature  is  shown  in  Figure  20.  Its  most  interesting  characteristic  for  high  average  intensity  applications 
is  its  low  optical  absorption  coefficients  of  1.2  x  I0'3  cm"1,  1.8  x  10  3  cm"1,  and  1.7  x  10"3  cm"1  at  1.32, 
1.06,  and  0.589  ftxn,  respectively  [14],  Lower  optical  absorption  results  in  smaller  thermal  gradients  and 
contributes  to  the  high  damage  threshold  of  LiB3Os.  These  characteristics  also  allow  tight  focusing  of 
high  duty  cycle  radiation  into  LiB305. 
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Figure  20.  Noncritically  phase-matched  temperature  tuning  in  an  LiB305  crystal  with  radiation  directed  along  the 
I .l-cm-long  crystal  X-axis  for  (a)  frequency  doubling  1.32  pm,  (h)  frequency  summing  1.06  and  132  pm,  and  (c) 
frequency  doubling  1 .06  pm. 

After  passing  through  the  amplifiers,  the  1 .06-  and  1 32-pm  laser  beams  are  combined  with  a  di- 
chroic  mirror  and  then  focused  by  a  15-cm  focal  length  lens  to  a  ~50-pm  diameter  (FWHM)  spot  in  a 
2-  x  3.5-  x  18.2-mm  LiB3Os  crystal  (x-cut,  0  =  90°,  <J>  =  0°).  Tighter  focusing  of  the  incident  laser  beams 
was  not  beneficial  even  though  the  experimentally  determined  optimum  beam  diameter  was  three  times 
larger  than  the  calculated  optimum  for  second  harmonic  generation  [15].  The  nonlinear  crystal  is  oriented 
for  Type  I  noncritical  phase  matching,  which  is  achieved  by  heating  the  crystal  to  a  temperature  of  4  VC. 
The  radiation  propagates  parallel  to  the  long  dimension  of  the  crystal. 

By  focusing  46  and  20  W  of  1.06-  and  1 32-pm  radiation,  respectively,  into  the  LiB305  crystal,  20  W 
of  589-nm  radiation  has  been  generated.  A  photograph  of  the  LiB3Os  housing  is  shown  in  Figure  21.  The 
maximum  measured  external  power  conversion  efficiency  is  30%.  At  the  focus  the  crystal  is  subjected 
to  greater  than  1  MW/cm2  of  average  intensity.  The  external  sum-frequency  mixing  power  and  efficiency 
as  a  function  of  total  input  power  is  shown  in  Figure  22.  Because  the  LiB305  crystal  is  not  antireflection 
coated,  5%  of  the  fundamental  and  the  sum  radiation  is  lost  to  reflections  at  the  crystal  faces.  Accounting 
for  this  loss  yields  an  average  internal  mixing  efficiency  of  33%.  In  addition  the  1.06-  and  1 32-pm 
macropulses  are  not  of  equal  duration  as  shown  in  Figure  7.  A  lower  limit  on  the  peak  mixing  efficiency 
can  be  estimated  by  multiplying  the  average  internal  mixing  efficiency  by  the  ratio  of  the  1.32-  and 
1.06-/im  pulse  durations.  This  yields  a  peak  mixing  efficiency  of  50%.  No  photorefractive  or  physical 
damage  is  observed  under  these  conditions.  The  transverse  beam  quality  of  the  0.589-/im  radiation  is  shown 
in  Figured. 
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Figure  21.  Photograph  of  the  LiBfi5  housing  showing  the  generation  of  sum-frequency  radiation.  The  1.06-  and 
1 32-pm  radiation  go  into  the  crystal  from  the  right  and  the  sum  radiation  exits  to  the  left.  The  weak  beam  of  sum 
radiation  on  the  right  is  a  result  of  a  5%  reflection  off  the  uncoated  left  side  of  the  LiBjOs  crystal. 


Using  the  oscillators  alone,  the  sum-frequency  mixing  efficiency  as  a  function  of  total  input  power 
is  shown  in  Figure  24.  While  confined  to  lower  sum-frequency  powers  than  the  oscillator-amplifier 
system,  a  laser  system  composed  of  oscillators  only  would  probably  deliver  its  maximum  sum-frequency 
power  more  reliably. 
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Figure  22.  Average  power  and  mixing  efficiency  of  sodium  resonance  radiation  as  a  function  of  the  total  infrared 
power  coming  from  both  the  1 .06-  and  1 .32- pm  amplifiers. 


Figure  23.  Spatial  far-field  transverse  profile  of  the  0.589-fm  radiation  exiting  from  the  UB}0S  crystal. 
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Figure  24.  Average  power  and  mixing  efficiency  of  sodium  resonance  radiation  as  a  function  of  the  total  infrared 
power  coming  from  only  the  1.06-  and  1 ,32-pm  oscillators. 
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5.  SUMMARY 


A  20-W  laser  source  of  sodium  resonance  radiation  has  been  developed  and  delivered  to  the  Air 
Force  Phillips  Laboratory.  Sodium  resonance  radiation  was  generated  with  30%  average  external  mixing 
efficiency  of  the  Nd:YAG  laser  radiation  in  a  crystal  of  LiB305.  This  crystal  withstood  an  average  in¬ 
tensity  of  greater  than  1  MW/cm2  without  optical  or  photorefractive  damage.  KTP  and  LiNb03  have  been 
investigated  for  this  application  of  sum-frequency  mixing  and  found  to  be  inferior  to  LiB3Os.  The  concept 
of  using  revolving  beams  to  lower  the  fluence  in  a  nonlinear  crystal  has  also  been  tested. 
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